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1. & studv prosram with 3 nomina! amount ot ex\{ﬂerir-ntal vmrk ‘

, ‘u bninr eofrneted to investipate vortex rinps f: air. This work incluriﬂs,
uy I8 not nece..sar", limited te, thuotetical analydes and sxperinental

Udeterninatinng for the crtimum neneratct design and perforrance etaracters

. isties of a vertex rinp in air, for the rurrose of focuzim® enefpy At & partis

eslar voints Inecendiary tetion, rresaure-t.ime data, and M.hef rertincnt. m—

: for’htilrﬂ ‘3 béirug emilt‘a.

2e A thorouph utenwro neareh hxs b«u condue"d and 'y

o ,mucmﬂm is included.

B. Dumrr*on

‘ 1. \uhen & sharp inpulse {s givm to & nuid eontaimd bchind
an orifice, the flow out of the crifice will terd to curl uf at the edge of
/. the plate, This surl will dreak away and move forward fcrming a elaged loop

" of vorticity. This 43 known 83 a vortex ring. The smoke rine l_t m avary-
dav e.nrple of t.his phnnorenen. v ' ‘

oo T2 ‘l’hc vertex ring is eharaeter.zcd by t.ho tact thﬂ. th.

. partieles of ﬁ-nd contalied in the orizinal ring are transported through the
surroinding medium withcut mass interchangs. Furthereore, the large rota« - . -
' tional velocities built up around the tore result in a low pressure within
the ring. Very large quantitiea of energy are associated uun vortn: ﬂ.nga. ,

3. m gecmetry of the vortex rim: is shown in Pim. 1.
vortex core of finite size forming the ring is placed arcun? the ecnterline

~ of vorticity, bscause scme assurytion must be made in that region soncerning = -
this ring. If an ordinary free vortex wers assured, velocities would become -

4infinite at ths centerline. Since this is lupossible, Rankine proposed s .-

~model where a forced vortex of finite diaietar was substituted around the .

centerline, This is known as the Kankine combined vortex. It is this forced

- vortex which constitutes the zore. Experiments Fave rroved that this model
is a ecrrect one, and that a replor in which thc velocity deercues is Iound

‘hear the vortexsrinp centerline Lo _ ‘

. UERY

\ork has been conducted for a period ot che year on the producuan and , S

‘vropagaticn of vortex rings in air. HNost of the werk has been dons with &
hrpe vortex=ring gencratce working on an explosion rrinciple, which produces

_a ring sprroximately 3 ft in diz. It has been shown that an upper linit of‘ R =

tha energy in the explosicn is reached with each generator configuration,

“after this limit is exceéeded, the rings are broken up before they fully form T

" probably by shock reflections from the closed end of the generator, Velo= . .~ -
cities in excess of 800 x‘t/sec have been obsarved d.uri.ng tha hunching phaso.
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a1t wp 4
azos 7 and 3)e It ¢ih be- operatéd aithar .
axplodim‘: 4 38~page vlank shell, Yor :ompressed al
c\xmlator is- atisghed at one end, 'ﬂh‘
‘ igh & qs.ick-cremmz valve.
and “the andunt of air 4i
& W rartiany £illing ‘
idge ooern‘tian, 3 firing mechanish 48 previded
he fmrs, am:u ﬂwv sre panerated, is :
Hts ol dense smeke ¢culd &
T a formation of the vings’
wa fron asmonium hydrcxide and: hydrocmoric
L.g. Potn of thase methods, nnfart,unate ’
’oand ﬁ ‘any closed tlates - fievevar, An e
g ex imentation di: l‘icult.

; rit’“"eﬁ Ly, 5y 6
and the env
Aa ‘tha rine rrooresses, 3
2 But minute fart rticles, due Lo ce trifugal fo
the com remaind, - 'lhis ‘wore is ven deﬁne
It. i3’ in thss ‘Pegion’ t.hat. 3§ s,nterchange i V3
ses may exists 1 $hould be noted tha
gequential; ‘bl ] '

h hard
“gbout 3¢ ft/sec and did ot aprear o ‘hilve ‘AS e
‘Mo rhotograths srere’ taken, but ‘rerhaps “£he nigher ey 3 of these
(as showi by'a preater cu‘culation) etected the ‘smoke’ fas'ter. “However
vas :Pﬂs.aible to intercent thesc rings ‘and eel them stn.k ‘the body, &
sea’them def ect object.s hung 0 their fathe

ider to ‘corpl ‘the ‘destructive po
4t vas" decided 0 a°nex‘ate a mich’ more ‘pnermetic ring
Lisiste "‘generat.or., “For tms spose a P
’txon with water v
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SRS ‘.) kY vv‘ ‘mrxc nl tube, 36 it in 'u" art 6h i". lc 2. & bell-routh '
Cerifice 16 in. in dia was avaifable for use wath thic esuipment, lhe alt end
. 0f thae tube was elosed ofd (Fiyure 9)¢ After a fow exrloratery trials with a
ivariete of enerpy sovrves, it was decided that the explesion rrireiple of vor= .
tox-ri.., rencration vold be the mest practicil,  niypleosive charges were
Ceontinually inercased ta weight to obtain larrer encrcy inputs. -Coire was
‘taken te introduce the explosien yroducts at the back of the gun in .»uch a - -
. way that the flow out of the or4fice was Lept as siocth 33 poasible, “werk was =~ °
Lo Befun asin® a l()-rm'ﬂ shotiun shell from which the shct had been removed and S
T replaced with 12,5 g of blagk powder,The shell alse contained an original -
' -eharpe of 0.5 g of eunpowder. This charge yreduced rings nearly L ft in dia
“travelling at about YOO ft/see cver a ranie of about 250 ft. It was these
. -.rines that first pave the *ceullar hish<frequency scund (almost a whistla) as
‘they yropressed down range, that ias becore typical cf high-ererpy rings, and
o ,"c:m be heard after svery launshing, The black rowder used in thess charges

“ was the finest grind available, (FFF-G); some attempts were rmade to use ; o
. coarser mixtures, but these did not give satisfactory results. ' By adding ar 0 L0
" ‘extension to the shell, it was possible to increase the charge with an addis °

" tiomal 1h.5 g of hlack rowder, making a total of 8.5 7 of gunporces Al 27 g 6F .

- “plack rowder. This additicnal energy increased the velocity and range ot‘ the :

= ri.ng The whi..tle was heard tor abeut 10 sec. o - .

’ P T B Since 1t seered proba*le that enlargmg the chargc mmld zin .
i 0. better results, & small gas generator was fabricated. This generator tonv a E
. charge if a metal tube 1.37 in. in dia and 2 in. long, filled with approv..-
" mately O g of black powder. The penerator had an crifice .75 in. in LR
- (.hbz 8q m.), and produced very satisfactory rings. B

F. It was decided tl'ut some quant.it.ative results regarding tht ' ""tb,{’ :

£ S
PR shape, and velocity of the rings should Le collected, and since the wr ~
CED Ui o teo fast for the human eye, high-sresd motion rictures wera taken. By .. g
B within'the pisture, ring size rrd shabe cculd ba'ostablished. The oot y.7e
? LT gden of the higkesnecd cameras mates ab ressille s ortht tiee lzc-e:re)- ‘ '

. oscillations of the line current on the rﬂ.w, thus ‘establishing & tém - -
“of the motion being phntcgraphea. Velocity mearucement was performed #°. ..
_‘tube interposed in the ring’s iine of flight, 5 ft from the tiouth of ¢:. 7% 3«
"‘erator (this tube carried x pressure rickup in some of the tests), and o

~itime it took the ring t6 reach the f=ft mark md*.eu.m the uut...a). velo~ L

~c1t.y. A wpical record i3 shmm in Figure 10. : RN

. Gs.. The black powder bumins; in the gas g-nerator is a solid px'o-. o
‘ pelhnt. and its burning characteristics are dependent on nozzle area, density
“of loading, and area ratios. Every time the charge weight is changed within ' ' ‘
the same generator, the ratio of nozzle throat area to burning area changes, . - LT
- This parameter is defined as the area ratio and designated by K. Cince it is -
. “"impossible t» calcuiate the actual surface area of each granule of powder, K - = -
" '4g redefined as the nozzle throat area per gram of powder, The loading den~ -
" ' sity, designated 4, is the ratioc between free volume in ths chamber after the
-~ charge is placed, and volume of the charge. Some of this free volure exists -1 o
" between the pewder granules, but the density of black powder can be calculated
. ’and this real volwa found, Closing dcwn the nozzle area for a certain ehavye
wi'll in"rease the jressure in the gas genemtor, and since the burr; Srg ratc S
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ghow this reldaticn). when the nrst clani in orifice was -ade, charges of

TULO to M0 g were used, and these gave neak pressures of frem Y5 to 30 psip oy o
25 to bS rstas As mdmatvd in Figure 16, the correct rrassire for a contraes . i
S %ien ratio of LS i3 2 nia, and for L6 is 25 paia, Reflections were thus ree .-
Viodiced, esteciallr in t:e lew rangess iiowever, by using the larpe charyes (and

oo hiitier »ressures, sbeut 75 psip + 90 rsia), contraction ratics clo.ie .75 1.00 ;
' are n»eded' werk will new be dore e verify this. , I

J. For iﬂcreasinr t.ha enerc‘, .mmt te thc ri'w, a new, Iarger vas E

: P ﬂeﬁéx\ﬂo— ('.o. g) #as built, The mas-gencrator ncz"lu area was equal to .h?.? v
- !.n?, and g.-rge weights were increased to §0 g, At thm r.otm., the linit of o

/'; the sc. 2 gescrater vas reaghed, and a third ohe was built. The velocities

" obtaired with this renerater (Ko. 3), as well 23 these from a tmch larger one g L

eonstrusted near the end of tha program (lic. L), are presented in Figure 17.
ihe curve is shown as ccntinuous in Figure 17, although this result is only

“4nferred, and not rreved. The value for K of the two surves cverlaps, i.e.,

K is diseontinucus alony ihs curve., he curve levels off at abcut 2 charge of :
WO g, which indicates that the rings resulting al these energy lavcis do met -~

" form properly. 7The imnudiite indiczticn wewld be a lack ef the eharactcristic T
' wnistle, No whistles were heard for either the LOO~ or the S00 g tests, - High-

speed phetographs reveal that the reflected waves destroy the ring at then o

high energy levels when this gen-rator cont puration is used,

Ko k e fext rhase of the werk was o« ncerned vith the Memmuun of

;ax*éssure distributior. within the ring, For this nurpose, a ring generated by - i

‘2 120-g charge in tie ;0. 3 nas generator was used. Since it wes not feasible
- o traverse 3 ring cnée formed, pressures were taken ot varicus points in
o ‘diserete rings, It wac anticipated that underpressures would occur near tho

E ecre of the ring, and the kutishauser Tyre dA-l pickur was zalibrated frem -10'

T 46 10 rsig, which is tessible sirice the pickup has a connection at the beck
“of the senscr diarhragm. The rick up was meunted cn a tube S5 £t froi the
orifice (Fipure 18), and care was takeh to place ihe senser diarhrazs in the
meridian ~lane ef the ring, {Figure 1 shows the gecmetry of the ring.) In
.this nlane, all velncitr vectors were rarallei to tha sensor diaphragm plane, '

‘s0 that only static yressures were regiutered (ses Firure 20). ‘herefore, the
o pressure-t.ime relaticns ohtained as the ring passed cver a Mrad rolnt would .
" be nearly syametrical. A typical static~prassure recoicd is shown in Mguros S

.2 and 21, these reccrds were taken 1k and 22 in. fiva the centerline »* .

. fing passed over the pickup. A shcck wave yTresedes the rine in all cLees.
' gince the flow becones supersonic at certain distances, it was found necessarv

Y be place a sharp~ed;ed jlate on the pickup, as shown in Figure 22. Calcnhs;‘ -
‘" tions eculd theén be rade, since ths nature of tiue shock ahead of the sensor

' ‘diaphragm 4s determined; (the shock wave from the top of the phu i.s very
; weak, since the ﬂow is ot denucted). T T

U L A smilar survey cf tha vortex ring was made to dﬁomine ot.as- k
" ‘nation pressures. The fressurs rickup was mounted facinit the generator, :’rhe '

¥ sensor was ag2in kept in the merddian rlane, but this time rerpendicuhr to .

it, To take care of shozk waves during supersonic flow condxtions, a hemi-
spheric cap was rlaced over the sensor (Figure 23). 1ln this case, irue .....b--‘
‘nation conditions are read or\l'r at the intersect.ion of tha nerid.im and '
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l\:sisitming the anitint process of rief "fgr’mtio’h to be adiabatic, the '.empc’-.rg-“ ;
T ture dn the corc must be 1less whan L0° on the haikine seale, of abcut I
‘ ,;;_bel.c\\*i arbient, althaiph ne measurerents have been nide O vertfy thise = '

RIS SO | atinuing * Ath the 120 2 chatues, dome work was done to deternine
o the volocity and rang2 of the vertex Tinfs. +aeh laberatory work has been dure
L 4nd published, riving the deewr rates of small rings, © to § in.. in dia but
5 to the bect of cur kncwledpe, no one had ever atterple “de :
o rates for rinpgs of this sizes It was not possible to phctagraph the Y
... 4ravel for distances Jarger than 7 ft waking 1t jmyosuibla to use this method -
L 4e determine ¢ire~distance relations. instcdd, an observer was stationed tn -
L the field at yarious aistances from tha generator. The suaivle signal from.the T
*pang (the whistle) was tihed as it passed overliead, From this, crude points .
i, conld be ebtained, one for each ring vroduced, but there is large scatter among o
i thesse points, as seeny in Flore 2%, ihe errcrs {n cbservation are larfe near S
R A generator, ‘because the ot:server's reaction time i3 larce compared with the
" tine vecerded, while far from the generator, efrorsg are large, too, since the
o ring s cbserved tu slow dovm and acvance slowly at that distance, Pesides
. ¢hese errcrs in measurement, extraneous §nfluences such as wind and the pruxe
. gmaty of the grcund must ©e accounted for.: While srery effort was irade to :
- ehoose rerivds free from wind to perforn thess teats, air movement was wne oo oo e
. doubtablr encounterad. Furihermore, layers of air of dt gtevent densily can -
" de®lect the rinf. The rezults then are pardlr conclusive, and only an en<
~yelove eurve can be drawn. This curve should ba tangent to the line marked:
€00 ft/see, since that is the reasirad initial velceity. These results are
_ plotted on Juge-lop coerdinates in Figure 20. 1he fact that the -

curves seem to have the save slope might indicate taat the ring advances 6

~» rate given by the forrmla ,

B s e w?? | SRR R
gor & considerable distance. After some tire the ring slows down mthn poi.ut- ;
where it virtoally hovers in place, and then this ex] nential curve will no
Jonger hold; nor can it be valid at the very atart, since this formula wald
pive infinite velocity at 't = O A parabolie formila is probablyvmed
. for the purpose of aissussion, the exponential form ;s preterable. RR

Co  An gnalysis of the jpitial ring movement, v taken from the highe.
_speed camera filn, is shown in Figure 27, ghere tws 318 have been rlotts <
~and it can be seen that they are similar. A scvies of straight=line s} Fox R
_ mations have ‘been drawn through the curve making the analysis eaziers’ After -
15 mildisee, when the rine 48 about & It dut, the curve assuned a slope of the
- grder encountered in the envelops curves. The kinks in the curve are wot - S
: ,completely understood, but mav be due o reflocted waves giving short impulses . -
' %0 the ring Jurine its formative phases o - SR s
. Re A comparison with sone of the rrevivusly published data’can’be
rade.  1f thie exponent- of rine propagation is taken o ve 2/3, a velocity
distance relaticn would have tc ve of the tvpa E S

. ~  v . ’cﬁnstantz '
© COWFIDENTIAL
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l"merji, *». F. and Paravp, P V. "t:n Ob»xbet.k" dcrtices,

:y"':‘"Fhiln sopideal cagazine, §. 7, Vol. 11, Hoe 73, .h'/ 1931.

The authors dunlicatc.d (beraeck 's exy erime.xte and nnticed a sensi-'

tiv ity to their mode 6f jroduction. Y¥arious pressures of generation are jne . R

©'vestigated, and the results are rregented, Timeedistance data for various:

- #ings are piven, and & mathematicil theory is developed, but thts 13 preud ie

. be in errcr by Puther'crr and Caldwell.

'

R ' . ‘ delighnd, Yoy “A"‘i Aprtodmto 1 ct,hod of f‘alcuhtim \':hl “m 0: e
. Certain Vortex Pines,¥ Corptes Pendus (180), mp 2019-2021. June 29. 1925. :

r\n ext.ensien a!‘ the mat,honatical aml-.-:i.. of .»nd.ron.

S p 1<.er, 'F‘ K. and de hass, ll-, 'Em crirental Study of thc Fomt&an'i
. -01 a 'Vortax Kine at the vren umd of a Uvlindrical shock Iube," Journal og KR
P Arplied yhvsies, Vols 23, vo. 20 rp 1005-1069, October 1952,

‘ © The forwird velceity of a vurtex ring durine the first milusecom‘]
is ‘investigited. By means of behlieren spark photogiaphs, curves of axiil’
rositiqn vs time are presented. The growth of the rinz is alye invutigate‘@.

s hray, A., wiotes on Rvdrodvmmi»s." Part 1 and I Philésgghi&l "o
e ‘}'az‘aizine’ e 6, Vol. ‘e, ho. 103. Jula’ 191“, D 1. " RO
| “A vathematical treatnent discussmg the .quauons ‘ niétioix and

‘ t‘omrd velocity of & vorter ring of anan erosa-uction. The author verifies .
Lord Kelvin's ex'pression , : Ll

v e K (1o 1/h)
OW g;—_

v ,, l(rutz:ch, CoH., “afeber eine oxperimnteu beobachtet.o :.rschnimmg:
e u viirbel.rimen ‘bei ihrer translatorischen Fewegung in wWirklichen "‘lussig-
keiten," Annalon der Yhvaik, S Folre, Band 35, 1939, :

: A paper deseribim’ tl.e sxreriments eonducted by t.he author. ‘He
‘observed vertex rings in vater, vhich, after scnme distanee of travel, dcnlopod

a scalloping of the core, and later necama unstable. ‘the phenomnon € ,
described, and erplamticns offered. : :

Pz;:e 9
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v 'rf:ihlib;':r"f.‘phy (brm'v_,.) N ‘ ':;.zport RN 1'0'30 e

Eatherfeed, U oo and Caldsell, .y.. « k"th‘ck's Vcr‘ticm," r’m‘.loso?
f‘hi"‘\l .xar’-uinc, :D; 7’ '0- 01. fec. 1231, . S :

[ . The authers -mint. cut’ a"w pl'xrinp crrrrs in the analw.ia al‘
3 aam_rj- and .*arwe. ! :

. fiouse, E. and Hsu, N iy nin the (rowth nrd Decay of a Jc‘»r’tek x‘i‘u-'
. ment,® Irocecdings of the Fifst U, &, Mational f'rr\press T Applied '1ectmnics, R
195" I m- . . SRR

> ‘ : .\ mthe-\ar.* cal traatrent which cmams an ex;resgicn fn- t.ho cmn
L ot‘ the vertex enaracteristics #Ath the mss.we‘ of H'ﬂe for a 1itt~ vertex. ‘

o omircr, Ve "1 n the Formtion and rropagauon of Jortex I‘incs .'m
dil‘,“ Journal do Invsique et Ye Radium, Vol ?, No. J, 1926, ™ l6-91. amwm
‘ franshﬁon 3631, : 1

' A sf.udy of aerial vortex rin;vs shc'*rs.ng the meeim\tsm of fomt&oa
'uMer experinental conditions, ' The translational and rotaticnal motion, and
“the exiansicn of the vortex, are stidied. A paradelic fermula fer the time= -

‘distance curve is yiven (t = hs? + Bs). The exransion as given is said to be
~of the form & « £ deg rfr . & rathe.atical study for the muationa of motien

aﬂd thc onergy of t.he ring is ﬁwen.

Sen, «., "n circular 'Jort.ex Rtnga tt Finite s«:unn in I:\con-

- p!‘essible f-luids," Bullet.in of the Calcutta i at.henatical ..;ocietz, Vol. 13.
: 1923, P 117. :

' LU Ao Vertex P.inps of I-inite Circulsr veetion in lneonpressiblc o
- "'luida," Bullet*n of the (.alcutta iathematical teciety, Vol. 131923, p 4. - B

' "On utabnit.y of Vortex Rinzs 1:\ Compressible \"‘luidl,“ B\\lletin o!‘
tho (‘slcutta tathematical tociety, Vol, 23, lio. 1,1‘;12 T 1. e

SR
U
L
LT

4 serlec af tiree rapers “iving a witeitieal anal"sﬁs OF A
eqaatinr.s deann" with vorte: rimv... . , S

l ‘ o J‘.llat., H.. "n the lnitial Flov rt a Liquid l‘hrough an Criﬁee -
: napidlv Onr.aed,® Cmnt.es "enius (P'u'is), Vol. 172, 1921, 20 lhb-].St Bmtcher
ﬁ'ansl.ation. . , s S

‘ " ;his yayer ‘vorks cut. the ccnditiony under vmich, at tu start o!' o
ﬂow throuch an orifice, all the decliverv ccnes from the edges of the aperture. -
understandi n,: t.nrse cunditions can telr explain thc vroduczion ox‘ vnrtcx ringa. -
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